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Abstract 

We study relativistic collisions between helium-like uranium ions initially in the ground 
state and atoms in which, in a single collision event, one of the electrons of the ion is emitted 
and the other is transferred into an excited state of the residual hydrogen-like ion. We con- 
sider this two-electron process at not very high impact energies, where the action of the atom 
on the electrons of the ion can be well approximated as occurring solely due to the interaction 
with the nucleus of the atom and, hence, the process can be regarded as a four-body prob- 
lem. Using the independent electron model we show that a very substantial improvement 
in the calculated cross sections is obtained if, instead of the first order approximation, the 
relativistic symmetric eikonal and continuum-distorted-wave-eikonal-initial-state models are 
employed to describe the single-electron probabilities for the excitation and loss, respectively. 

PACS: 34.10. +x, 34.50.Fa 

1 Introduction 

The projectile-electron excitation and loss occurring in collisions of projectile-ions with atomic 
targets at non-relativistic impact energies have been extensively studied for long time (for reviews 
see [1]). Starting with pioneering articles of Bates and Griffing [2] the most of the theoretical 
studies of these processes have been based on the first order perturbation theory in the projectile- 
target interaction. 

During the last two decades there has been accumulated a very substantial amount of exper- 
imental data on the electron loss from highly charged ionic projectiles moving with relativistic 
velocities and colliding with solid and gaseous targets. In particular, various projectiles with 
atomic numbers belonging to the interval 54-92 were used in the experiments. The experiments 
have also covered the very broad interval of the projectile impact energies ranging from rather 
low relativistic values (0.1-0.2 GeV/u, see e.g. [3]- [6]) to extreme relativistic ones (10 and 160 
GeV/u [7]- [9]) where the velocity v of the projectile differs just fractionally from the speed of 
light c in vacuum (c as 137 a.u.). Besides, a very substantial progress has been also reached in 
the theoretical descriptions of the projectile-electron transitions occurring in relativistic ion-atom 
collisions [11]- [12]. 
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2 Preliminary Remarks 



If an ion initially carries several electrons, then more than one electron of the ion can be 
simultaneously emitted and/or excited in a collision with a neutral atom. The explorations of 
relativistic collisions involving simultaneous transitions of two and more projectile electrons had 
began about twenty years ago [3]. However, careful theoretical studies of such collisions have not 
yet been performed. 

Indeed, the theoretical research on this topic has, to our knowledge, been restricted to a 
combination of the independent electron model with the (simplified) first order theory to calculate 
the probabilities for single-electron transitions (see e.g. [13] and references therein). However, 
in collisions with heavy atoms the field exerted by the atoms on the electrons of the projectile 
may be so strong that attempts to apply the first order approximation fail dramatically even 
for one-electron processes yielding results which exceed experimental cross sections up to by an 
order of magnitude [14]. 

In [15] the simultaneous excitation and loss of the projectile electrons was investigated ex- 
perimentally for 223.2 MeV/u U 90+ ions, which are initially in the ground state, impinging on 
rarefied gas targets of argon, krypton and xenon. In the collision between the projectile-ion and 
the target-atom one of the two electrons of U 90+ was ejected and the other was simultaneously 
excited into the L-shell states of U 91+ . Such a process represents one of the simplest and basic 
processes which can occur with projectiles having initially more than one electron. 

In addition to experimental data the paper [15] also contains theoretical results. However, 
a satisfactory agreement between these results and the experimental data was reached only 
for collisions with argon while in collisions with xenon the differences between the theory and 
experiment already reached a factor of 2-3. 

The present article is an attempt to improve a theoretical description of the simultaneous 
loss-excitation of the projectile electrons in relativistic collisions between very heavy helium-like 
ions and atoms with large atomic numbers. This attempt is based on the application of relativistic 
distorted-wave models to calculate the single-electron transition probabilities. Atomic units are 
used throughout except where otherwise stated. 

2 Preliminary Remarks 

Collisions between an helium-like ion and a multi-electron or many-electron atom are an im- 
portant and interesting case of the quantum many-body problem. At present a rigorous and 
comprehensive treatment of such collisions is out of reach. In this paper, in order to treat the 
process of the electron loss from a very heavy helium-like ion in a collision with a many-electron 
atom in which the corresponding hydrogen-like ion is produced in an excited state, we shall use 
a simplified picture of the collision consisting of the following main steps. 

First, the electrons of the ion are regarded as the only particles having dynamical degrees 
of freedom which are described by a quantum treatment. Second, the nuclei of the ion and of 
the atom are treated as classical particles which move along given (straight-line) trajectories and 
represent just the sources of the external electromagnetic field acting on the electrons of the 
ion. Third, at not very high collision energies the excitation and loss of the -fT-shell electrons 
of very heavy ions occur at so small impact parameters that the electrons of the atom cannot 
effectively screen the nucleus of the atom. This is the case already for single-electron transitions 
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(see e.g. [14], [16]). Since compared to collisions resulting in single-electron transitions collisions 
inducing double electron transitions are characterized by even smaller impact parameters, the 
influence of the atomic electrons on the simultaneous loss-excitation can safely be neglected 0. 

There are essentially two qualitatively different possibilities to get the simultaneous two- 
electron transitions. The first is that the atom in the collision effectively interacts with only 
one electron inducing its transition while the other electron undergoes a transition due to the 
electron-electron-correlations in the ion and/or due to rearrangement in the final state of the ion. 
These processes are called the two-step- 1 and shake-off, respectively (see e.g. [1]). 

The other possibility is that the field of the atom has enough power to interact simultaneously 
with each of the two electrons and to become the main driving force for both electrons to undergo 
transitions. In case when the interaction with the atomic nucleus involves the exchange of only 
two virtual photons (one per electron) such a process is often referred to as the two-step-2 process 
(see e.g. [1]). 

It was shown in [17] that, provided the condition - £ — > 0.4 is fulfilled (where Z p and Z t are 
the charges of the ionic and atomic nuclei, respectively, and v the collision velocity), two-electron 
transitions in a heavy helium-like ion occurring in collisions with an atom are governed mainly 
by the 'independent' interactions between the nucleus of the atom and each of the electrons of 
the ion. This condition, in particular, was very well fulfilled in the experiment [15]. It will be 
also fulfilled for the collision systems considered in this article. 

When the electron transitions are governed by the independent interactions the application 
of the independent electron model often yields reasonable results. According to this model the 
cross section for the simultaneous loss-excitation is evaluated as 



a = 2vr / dbbP(b), (1) 
Jo 

where the probability P(b) for the two-electron process is given by 

P(b) = 2P exc (b)P loss (b). (2) 

Here, P exc (b) and Pi oss (b) are the single-electron excitation and loss probabilities, respectively, 
in a collision with a given value of the impact parameter b. 

Thus, within the simplified picture of the ion-atom collision, the theoretical treatment of 
the process of the simultaneous loss and excitation has been reduced to finding the electron 
transition probabilities within the three-body problem in which a relativistic electron is moving 
in external electromagnetic fields generated by the nuclei of the ion and atom. The latter ones 
are regarded as point-like particles moving along given classical trajectories. 



3 Single-electron transition amplitudes 

The basic assumption underlying our approach to obtain the probabilities for single-electron 
transitions is that the motion of the electron in its initial and final states is determined mainly 

1 In collisions with many-electron atoms the so called antiscreening atomic mode is of minor importance for 
electron transitions in highly charged projectiles. Moreover, at those collision energies, which we shall consider in 
this article, the effective energy threshold for the antiscreening mode will not yet be reached. The latter makes 
this mode unimportant for the transitions of the projectile electrons also in collisions with a few-electron atoms. 
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3 Single-electron transition amplitudes 



by its interaction with the field of the ionic nucleus. This interaction, therefore, should be treated 
as accurate as possible whereas the interaction of the electron with the nucleus of the atom is 
supposed to be less important and, hence, can be taken into account in an approximate way. 
For calculations of the excitation and loss probabilities such an 'asymmetric' approach seems to 
be certainly reasonable as long as the charge Z p of the ionic nucleus substantially exceeds the 
charge Z t of the atomic nucleus and the collision velocity is not too low. 

It is convenient to treat the electron transition using a reference frame K in which the nucleus 
of the ion is at rest. We take the position of this nucleus as the origin and assume that in the 
frame K the nucleus of the atom moves along a straight-line classical trajectory R(i) = b + vt, 
where b = (b x ,b y ,0) is the impact parameter, v = (0,0, v) is the collision velocity and t is the 
time. 

The Dirac equation for the electron of the ion reads 

i— = (H + W{t)) 9. (3) 

Here 

H = ca • p - -£ + 13c 2 (4) 
r 

is the electronic Hamiltonian for the undistorted ion and 

W(t) = -<f>(r,t) + a-A(r,t) (5) 

is the interaction between the electron of the ion and the nucleus of the atom, where $ and A 
are the scalar and vector potentials of the electromagnetic field generated by the atomic nucleus 
in the frame K. In the above equations p is the electron momentum operator, a = (a x ,a y ,a z ) 
and (3 are the Dirac matrices, Z p is the charge of the nucleus of the ion and r = (x, y, z) are the 
electron coordinates with respect to this nucleus. 

The potentials <E> and A of the moving atomic nucleus will be taken in the Lienard-Wiechert 
form (see e.g. [18] ) 

*(r,t) = ^ 
s 

A(r,t) = ^$(r,t), (6) 

where Z t is the charge of the nucleus of the atom, s = (s x ,s y ,s z ) = (x — b x ,y — b y ,^(z — vt)) 
and 7 = 1/yl — v 2 /c 2 is the collisional Lorentz factor, 

The prior form of the semi-classical transition amplitude is given by 

/+oo . . 

dt(¥~\t) I [H + W{t) - id/M) X i(t)). (7) 
-oo 

In {7} *$>(~\t) is the solution of the full Dirac equation j3]) and Xiify ' xs the solution of 

4| = (h + V(tj) xi, (8) 

where V(t) is a distortion potential. The initial condition reads Xi(t ~^ —oo) — ► ipi exp(— ietf), 
where ifii is the (undistorted) initial state of the electron of the ion with an energy £j. 
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3.1 First order approximation 



In what follows it will be much more convenient to obtain first the transition amplitude 
in the momentum space, «S/i(Q), which is related to the amplitude j?} by the two-dimensional 
Fourier transformation 

S fi (Q) = d 2 ha fl (b) exp(iQ ■ b), (9) 

and then to use the inverse transformation, 

a/i(b) = ^ J d 2 Q S fi (Q) expHQ • b), (10) 
in order to get the transition amplitude in the impact parameter space. 

3.1 First order approximation 

The first order transition amplitude is obtained by replacing the states Xi(t) an d ^^(t) by the 
undistorted initial, ipi, and final, ipf, states of the electron in the ion: 

Xi(t) = ipi(r)exp(-ieit) 
*H(t) = ip f (r)exp{-ie f t), (11) 

where e/ is the energy of the electron in the final state of the ion. Using ((5j), (|6|), {Z}, (J9j) and 
(fTTI) . the first order amplitude in the momentum space is obtained to be 

-S/i^Q) = ~~~i2 (^/ I ex P(«l ' r ) I ^i) ~ ~(V7 I exp(iq • r)a z \ , (12) 
where the momentum q, which is transferred to the electron of the ion in the collision, is given 

by 

q = (qx,q y ,q z ) = (Q;qz) 

q z = (13) 

V 

and 

q' = (qx,q y ,q z /j) = (Q;q z /i) ■ (14) 

3.2 Symmetric eikonal approximation 

In an attempt to obtain a better description of the interaction between the electron of the ion 
and the nucleus of the atom we now approximate the initial and final states in (jJJ) by Xi an d X/, 
respectively, where 

Xi(t) = Vi(r-) x (vs + v • s)~ %ut x exp(-iSit) 

Xf(t) = *l>f(r)x(vs — v-s) Wt xexp(—i£ft) (15) 
with v t = Z-t/v. The semiclassical transition amplitude is then given by 

r+oo 

oo 



af{h) = -i / dt{ X ){t) | W d (t) Xi (t)), (16) 
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3 Single-electron transition amplitudes 



where the action of the distortion interaction Wd(t) = H — ijL on the initial state is defined 
according to 



W dXi = t-ivs + vs)' 1 ' 




Using Eqs. (fT5]l - (fT7l) and J9]) it can be shown [16] that the symmetric eikonal amplitude in the 
momentum space reads 



where T and 2F1 are the gamma and hypergeometric functions, respectively (see e.g. [19]). Note 
that, provided ipi and ipf are exact states of the undistorted Hamiltonian of the ion given by 
Eq.fjll, in the limit of weak perturbation v t — ► 0, the amplitude (fT8l) goes over into the first order 
amplitude (EJ)- 

With the help of Eq. lfTQl) the amplitude (TT8T) is converted into the impact parameter space 
and the corresponding eikonal amplitude a^ a (b) will be used to calculate the probability P eX c(b) 
for single-electron excitation. 

3.3 Continuum-distorted- wave-eikonal-initial-state approximation 

Within the symmetric eikonal approximation, in order to reflect the influence of the nucleus of the 
atom on the electron, its initial and final states are distorted similarly. This might be a suitable 
choice if both initial and final electron states are bound states. When the final electron state is 
a continuum state a more sophisticated distortion factor is in general necessary. Therefore, in 
an attempt to obtain a better (compared to the first order theory) description of the electron 
continuum states, we now approximate the initial and final states in (jJJ) in the spirit of the 
continuum-distorted- wave-eikonal-initial-state (CDW-EIS) approach [20], [21] by 



Xf k (t) = ^(r)exp(-^)x( TO + vs)^ 

X f w (t) = V/(r) exp(-ie/i) x r(l + i V t) exp(vrr ?t /2) ^ (-i Vt , 1, -i(p's + p' • s)) . (19) 



Here, rjt = Z t /v' e where v' e is the electron velocity with respect to the nucleus of the atom as 
given in the rest frame of this nucleus, p' (p 1 = |p'|) is the kinetic momentum of the electron 
in the rest frame of the atomic nucleus and \F\ is the confluent hypergeometric function (see 



Using Eqs.pD, (0), (32]) and {H]) we obtain that the CDW-EIS transition amplitude in the 
momentum space is given by (see [14]) 




((1 - iv t ) 2F1 (l - iu t , iv t ) 2; Q 2 /q' 2 ) {ipf \ exp(iq • r)(q x a x + q y a y ) \ ipi) 
+ 2F1 (1 - iu t ,iu t ; 1; Q 2 /q' 2 ) {tpf \ exp(iq • r)q z a z \ ) , 



(18) 



e.g. [19]). 



S' 



•cdw—eis 




(tp f \J x a x + J y a y + J z a z \ijji) 



(20) 
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where 



Jx( y ) = ^ ™^ (px(y) 2F1 (iv t , irft, 1, Z) + Q! x{y) 2 Fi (iv t + 1, irft + 1, 2, Z)^ , 

Jz = r(1 ~ Wt) 2 F 1 {iv u ir h ,\,Z) , (21) 

A = </ 2 , B = -2tq' • p, C = -2iq' z v, D = 2iv(p z -p), Z= - — (22) 



and 



.ain(A) ain(A + S) Z ain(Z) 

dq x ( y ) oq xiy) 1 - Z dq x{y) 

n> w . ^ z ( niW + _^^)). (23) 

Note that in the limit of weak perturbation, v % — ► and r/t — > 0, the amplitude (|20l) coincides with 
the first order amplitude (fT2l) provided ^ and V'/ are exact states of the undistorted Hamiltonian 
of the ion Hq. 

Using Eqs, (|2"uT) - (E3|) and (fTUI) we can calculate numerically the corresponding CDW-EIS 
amplitude a c ^"~ eis {h) in the impact parameter space and evaluate the total probability Pi oss {b) 
for single-electron loss. 

4 Results and discussion 

In figure Q] we show experimental data for the cross sections for the simultaneous loss-excitation 
of the projectile electrons. These cross sections were measured in [15] for collisions of 223 MeV/u 
U 90+ (ls 2 ) w jth gas targets of argon, krypton and xenon for the cases when the internal states 
of the hydrogen-like projectile ion formed in these collision were characterized by the principal 
quantum number n = 2 and the total angular momentum j = 1/2 or j = 3/2. Figure Q] also 
contains our theoretical results. 

As was already mentioned, at this relatively low impact energy the screening effect of the 
atomic electrons has a negligible impact on the loss-excitation process. Besides, since the effective 
energy threshold for the antiscreening target mode in this process is about 420 MeV/u, the 
antiscreening effect of the atomic electrons in the collisions under consideration is also very 
weak. Thus, the presence of the atomic electrons can indeed be ignored, the single-electron 
transition probabilities can be obtained within the scope of an effectively three-body problem 
and we may apply the three-body approximations discussed in the previous section. 

Two sets of theoretical results are presented in figured) One of them was obtained using the 
first order perturbation theory to calculate the single-electron excitation and loss probabilities 
□. In the other approach the excitation probability P eX c(b) was evaluated using the symmetric 



2 The authors of [15] had also presented theoretical results obtained using the first order perturbation theory to 
calculate the excitation and loss probabilities. The main difference between their and our first order results lies in 
the following. In [15] the loss probability was calculated using the computer code of [23] in which the interaction 
between the electron of the ion and the nucleus of the atom is approximated by the unretarded (nonrelativistic) 
Coulomb interaction. In our calculations the fully relativistic form of this interaction has been used. 
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4 Results and discussion 
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Figure 1: Total cross sections for the reactions 223.2 U 90+ (ls 2 ) +Z t -> U 91+ (n=2, j) + e" +..., 
where j = 1/2 and j = 3/2 are the angular momentum of the L-shell states of the hydrogen-like 
uranium ion. The cross sections are given as a function of the atomic number Z% of the target 
atom. Circles and squares with the corresponding error bars are experimental data for the j = 3/2 
and j = 1/2 cases, respectively, reported in [15] for collisions with argon, krypton and xenon 
gas targets. Dot (j = 1/2) and dash-dot (j = 3/2) curves show the cross sections calculated 
with the single-electron transition probabilities obtained in the first order of perturbation theory 
in the interaction between the electron and the nucleus of the atom. Solid (j = 1/2) and dash 
(j = 3/2) curves display theoretical results obtained using the symmetric eikonal approximation 
to estimate the excitation probability and the CDW-EIS approximation to calculate the loss 
probability. 
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eikonal approximation and the loss probability Pi oss (b) was calculated in the CDW-EIS approx- 
imation. In both the first order and distorted- wave calculations the states tpi and tpf were 
approximated by relativistic bound and continuum states of a hydrogen-like ion with a nuclear 
charge Z p = 92. 

It is seen in figure Q] that in collisions with atomic targets having not very large atomic 
numbers, for which one has Z t /v <C 1, the two theoretical approaches yield very close cross 
section values. When the ratio Z t /v increases, the differences between the results of the first 
order approximation and the distorted-wave calculations rapidly grow. 

A comparison with the experimental data clearly shows a strong failure of the first order 
calculations. According to the latter ones the cross section for the two-electron transitions should 
depend on the target atomic number Zf as ~ Zf . However, the experimental points indicate 
that there are substantial deviations from the Z^-dependence which increase with increasing Z t . 
For instance, for collisions with xenon the first order results overestimates the experimental data 
already by a factor of 1.7 (j = 1/2) and 3 (j = 3/2). 

Compared to the first order calculations, the calculations employing the distorted wave 
models predict a much slower increase in the cross sections when the atomic number of the 
target becomes sufficiently large. Besides, the magnitude of the deviations between the results, 
obtained with the first order and the distorted wave calculations, depends on which excited states 
(j = 1/2 or j = 3/2) are occupied by the remaining electron and are accumulating at a different 
pace for different final electron states. 

Comparing the experimental data with the results of the distorted wave calculations we 
see that these calculations turned out to be much more successful than the first order ones. 
Nevertheless, a certain disagreement between the experiment and theory remains also in the case 
of the distorted wave calculations. 

The latter is also seen in figure [2] where we compare results for the ratio a(n = 2, j = 
l/2)/cr(n = 2,j = 3/2). Here, a(n = 2,j = 1/2) and a(n = 2,j = 3/2) are the cross sections 
for the loss-excitation processes in which the electron remaining bound has been excited into the 
states with n = 2, j = 1/2 and n = 2, j = 3/2, respectively. 

5 Conclusions 

We have calculated the total cross sections for the simultaneous loss and excitation of the pro- 
jectile electrons in collisions of 223 MeV/u helium-like uranium ions with various atomic targets 
with atomic numbers ranging between 15 and 60. In these collisions the effect of the atomic 
electrons on the simultaneous loss-excitation is weak and can be neglected. At the same time, in 
such collisions the ratio Z t /v can reach values which are not much less than 1 meaning that the 
field of the atomic nucleus acting on the electrons of the ion in these collisions can effectively be 
quite strong. 

Two different theoretical approaches were used in our study. Both of them are based on 
the independent electron approximation. Within the framework of the latter the treatment of 
the process of the simultaneous loss-excitation is essentially reduced to two steps: i) obtaining 
the transition probabilities as a function of the impact parameter and ii) making use of these 
probabilities to calculate the cross sections. 
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Figure 2: The ratio between the cross sections a(j = 1/2) and a(j = 3/2) for the simultaneous loss-excitation 
processes occurring m 223 MeV/u U 9()+ (ls 2 ) ions in which after the collision the corresponding hydrogen-like ions 
occupy the n = 2 states with the total angular momenta j = 1/2 and j = 3/2, respectively. The ratio is given 
as a function of the atomic number of the target. Dash line: results of the first order calculation. Solid curve: 
results obtained with the distorted-wave approach. Circles with error bars are experimental data from [15]. 

Within the first approach the single-electron probabilities for the loss and excitation were 
evaluated in the first order approximation in the interaction between the electron of the projectile 
and the nucleus of the target. In the treatment of the simultaneous loss-excitation occurring in 
collisions with rather heavy atoms this approach was shown to strongly fail. 

Within the second approach the probability for the single-electron excitation was calculated 
in the symmetric eikonal approximation and the probability for the electron loss was evaluated 
using the continuum-distorted-wave-eikonal-initial-state model. Compared to the first order ap- 
proximation, the distorted-wave treatments have enabled us to reach very substantial improve- 
ments in the description of the experimental data. Nevertheless, slight disagreements between 
the theory and experiment are still remaining which indicates that additional theoretical (and 
perhaps experimental) work is necessary. 
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